Abstract: Polar radio architectures are gaining in popularity due to the promise of an all digital implementations in future CMOS systems-on-chip (SoCs) solutions. Test cost is an important consideration for manufacturers developing these complex devices. Phase noise is an important specification in all digital polar radios as it affects the signal modulation quality. In this paper, a low cost test technique for predicting gain, IIP3, phase noise, and EVM with good accuracy is proposed. The method uses a single down-conversion module and a low pass filter on the load board. Although this test setup has been proposed in the past for other specifications, it has not used to test for phase noise and EVM specifications.
I. INTRODUCTION
Polar radio architectures for present-day and the proposed future wireless applications are almost entirely digital. Traditionally popular in military communications, it has been recently proposed for EDGE transmitter [1] and other emerging commercial applications. The polar transceiver architecture is similar to VCO modulating transmitter architectures where a phase loop is used to produce the transmitted signal phase while a separate amplitude loop is used to produce the envelope amplitude. Recently, there has been a lot of work on signal-delta based polar loop modulation architecture, similar to signal-delta based direct conversion receivers. The idea is to move many of the polar transmitter analog blocks into the digital domain. The architecture has many advantages compared to the analog version as discussed later. Test cost is a significant part of the overall manufacturing cost of these wireless devices [2] and minimizing these costs is crucial to the success of the product in the market place. Common tests for the front-end of wireless transmitter systems include specification tests such as gain, 1-dB compression point (P1dB), input 3rd intercept point (IIP3), and adjacent channel power ratio (ACPR). These tests measure of the non-linearity of the RF frontend. Communication protocols require the signal transmitted by the RF system to comply with a preset mask to maintain spectral purity of the transmitted signal. Due to the nature of transmission in polar architectures, phase noise is an important test specification. This is because the transmitted signal is VCO modulated, lowering the phase noise is critical for a good quality transmitted signal.
For (BIT) . These sensors convert the high frequency RF signal to low frequency or DC information that can be sample using the on-board ADC to extract key circuit specifications. Alternately, in a production test environment, these sensors or mixers can be used on the load board to downconvert the RF signal to low frequencies so that information can be captured easily. In this paper, a test technique for estimating the phase noise of a polar transmitter using a single mixer is proposed. The mixer can employed on the load board or can be used in a built-in test scheme. In addition to phase noise, the proposed scheme can be estimate other specifications such as gain, third order intercept (IIP3) and other complex systemlevel specifications such as EVM.
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II. POLAR OFDM BASICS
The basics of polar transceiver architecture are explained in this section. The transmitter and receiver architectures are illustrated in Figure 1 . Polar architecture differs from traditional transmitter architectures such as super heterodyne and direct conversion in the way the carrier is modulated. A polar representation is used instead of modulating a carrier with a complex signal in Cartesian coordinates. The phase modulation is performed digitally using a delta-sigma for phase modulation. Amplitude modulation is performed by modulating the supply of the power amplifier (PA) yielding good power efficiency even at low amplitudes. Increasing the transmitter efficiency is crucial in future multi-mode multi-standard systems. In this work, OFDM based polar architecture is used. OFDM is popular and widely used because of its superior performance in various multi-path environments [6]- [8] . Serial binary input data is mapped to parallel symbols using QPSK. The symbols are converted to complex numbers via inverse fast Fourier transform (IFFT). The complex numbers have real and imaginary components and are upsampled before further processing. By using the Coordinate Rotation Digital Computer (CORDIC) algorithm, the Cartesian coordinates (sine and cosine) are transformed into polar coordinates (magnitude and phase) [9] . The magnitude and phase information of the IFFT output complex numbers are obtained by CORDIC. The phase information produces a constant envelope and phase modulated signal. The magnitude information creates non-constant envelope and controls the supply voltage of the PA. Several implementations of the polar receiver are available in literature. The received signal at the receiver can be down-converted and downsample using traditional direct converted architecture. There are two mixers that generate the in-phase and quadrature components. Each mixer down-converts the received signal, and the signal passes through low-pass filter and sampled. The corresponding magnitude and phase information are extracted from sampled signals using reverse CORDIC algorithm. The information is further processed to retrieve the received OFDM symbols. In addition, polar architectures are not are plagued by I/Q mismatch, unlike cartesian transmitter architectures. where, α 0 = DC offset, α 1 = small signal gain, α 2 , α 3 = non-linearity coefficients are used to realize the linear (gain) and non-linear (harmonics and inter-modulation terms) effects of the amplifier. Using the time domain input vs. output characteristic as in Equation 1, the corresponding output frequency spectrum (both magnitude and phase) is computed.
III. BEHAVIORAL MODELING OF THE POLAR RF TRANSMITTER

Oscillator:
The peak amplitude value corresponds to the local oscillator frequency; the amplitudes adjacent to the frequencies fall off according to the phase-noise of the local oscillators.
Figure 2. Block diagram of a transmitting section
IV. PROPOSED TEST METHODOLOGY
In the proposed test approach, a stimulus is applied to the transmitter in such a way that the response of the transmitter has strong statistical correlations under multi-parameter perturbations to the specifications of the transmitter (Gain, IIP3, phase noise, EVM). Under such a stimulus determined by a careful optimization procedure, the respective test specifications can be predicted from the observed test response with the help of a nonlinear mapping technique known as multivariate regression splines (MARS) [12] .
In the proposed test configuration, gain, IIP3, and phase noise and EVM specification are accurately predicted using a load board down-conversion mixer, low-pass filter, and additional signal processing. The FFT of the low-pass filter output has both a magnitude and phase information of the signal. Both of the magnitude and phase of the FFT output are used as inputs for the MARS training. Incorporating devices on the load board is inexpensive and offers a low cost way to test these devices. Using one mixer, a low-pass filter, and FFT, this method can predict gain, IIP3, phase noise, and EVM very accurately. This is illustrated in Figure 3 . 
V. RESULTS
Simulations were performed to assess the effectiveness of the proposed approach in estimating the specifications of interest. A set of 125 instances of the transmitter are generated by perturbing the behavioral parameters of the PA described in section III for generating the MARS function. 100 instances out of these are used for training the MARS model and the remaining 25 instances are used for evaluation purposes. It is observed that for predicting gain and IIP3 specifications, it is sufficient to use the magnitude of the FFT output. As observed from Figure 4 , the specifications are predicted with good accuracy. The plots show the estimated vs. actual specifications. The prediction errors for gain and IIP3 are observed to be 1.7 % and 1.4 %, respectively. Next, the predicted phase noise specification is plotted against the actual specifications ( Figure 5 ). In this case, it is observed that both the magnitude and phase of the FFT output is required to estimate the phase noise specification accurately. The observed error is 1.2 %. Finally, the EVM specification is estimated using the proposed approach. It is observed that transmitting 256 bits is sufficient to predict the phase noise specification with good accuracy. This translates to significant test time savings that in turn reduces the test cost. Contributions to EVM, i.e., scattering of symbols around ideal constellation points come from the non-idealities in the system such as non-linearity and phase noise etc. These effects cause the entire constellation cloud to shift from the ideal location in a certain direction: The inherent noise (phase noise, ADC quantization noise and sampling jitter) in the DUT and measurement setup is another source of error: This causes the symbols to scatter evenly around the ideal constellation points. To estimate EVM accurately, both these effects should be accurately quantified. In the proposed approach, the deterministic non-idealities (non-linearity) and non-deterministic effects (noise) are quantified separately using specific tests. Once that is done, the obtained information can be used to accurately estimate EVM. The observed error is found to be 3.2 %. 
VI. CONCLUSIONS
A test methodology for specification measurement of OFDM-based polar wireless transceivers is presented in this paper. The proposed approach is low-cost as it uses a simple down-conversion mixer and filter on the load board. Using the proposed approach, phase noise and EVM specifications can be accurately measured along with other specifications such as gain and IIP3. Accurate prediction of phase noise and EVM using lowcost alternate test techniques on a load board has not been done before. Moreover, the proposed technique is effective in reducing the EVM test time. 
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